This paper reports on the pyrolysis and CO 2 -gasification of various biomass materials in a pressurized thermobalance. In particular, the primary yields of total volatiles, tar and non-condensable gases, together with the composition of non-condensable gases, are measured as a function of temperature at 1 atm and 10.8 ata. The use of a high-intensity infrared heating source, in conjunction with a non-absorbing carrier gas (viz. argon), is reported to reduce the significance of secondary gas-phase pyrolysis reactions. Linear trends with atomic H/C ratio are observed in the tar yield, CH 4 yield and total volatile yield during pyrolysis. The gasification kinetics of biomass chars (pyrolysed to 700 o C at a medium heating rate) have also been measured by measuring the rate of weight loss during reaction with CO 2 , as a function of temperature. First-order kinetic rate constants are then determined by fitting the weight loss data using a random pore model. The results indicate that the gasification rate of biomass char increases as pressure increases.
Introduction
In recent years, global environmental problems, particularly global warming due to carbon dioxide, have become substantially evident (1) , (2) . To address these problems, research on the efficient use of energy resources (3) , (4) and the effective utilization of recyclable biomass-energy resources (4) are required to reduce the accumulation of atmospheric CO 2 . In particular, in contrast to fossil fuels, biomass fuels are carbon-neutral resources that do not increase the total atmospheric CO 2 in its entire life cycle, since the plants absorb CO 2 released from biomass fuels in their growing processes. Currently, gasification and combustion technologies have been actively developed in a quest to effectively utilize energy resources (5) - (19) . Some of these are the development of entrained flow gasifiers for woody biomass (11) , (14) , studies on biomass-coal hybrid gasification (4) , (15) and biomass fuel ethanolization technologies (16) , and the development of methods to directly refine dimethyl ether (DME) (16) , (17) for establishing a technology that yields low environmental loading. In particular, a method of producing alternative fuels by directly converting biomass gasified at elevated pressures into a liquid fuel has been developed. Realizing this method requires the kinetics of biomass gasification at elevated pressures. In addition, a plan to construct a biomass-coal hybrid combustion furnace (IGCC, IGFC) operated under elevated pressure (4) has been conceived in Japan.
Although studies of the biomass pyrolysis and gasification certainly exist thus far, most of them have been performed at the atmospheric pressure (11) - (15) . Under these circumstances where preliminary studies have not been carried out, the modeling of gasification reactivity (3) , (4) or char-combustion reactivity (6) will encounter difficulties. To design the actual pressurized gasification furnaces, the accumulation of data on both volatile yields and char reactivity at elevated pressures is indispensable. Furthermore, since the char gasification rate differs according to not only the pressure but also biomass type, a systematic study is required.
In this study, we investigated the yields of pyrolysis products and the gasification rates of biomasses under widely varying conditions: for pressures ranging from atmospheric pressure to 10.8 ata and for different types of biomasses, ranging from herbs to wood. The results demonstrate that the volatile yields (total volatile matter, tar, and gases) of herbal biomass can be estimated by using the atomic ratio H/C. Further, the effect of pressure on the gasification rate is clarified. 
Experimental system and procedure

Pyrolysis experiment
The purposes of this study are to obtain biomass pyrolysis data under elevated pressure conditions (left side of Table 1 ) and to establish a method for predicting the product yields of many types of biomass. For these purposes, we introduce a novel pressurized thermobalance, shown in Fig. 1 , and we use many types of biomass in the experiment ( Table 2 ). The thermobalance can program heating rates from 0.01 to 100 K/s, and it can change the pressure from 1.0 to 10.9 ata. A sample of about 50 mg of biomass is placed in a platinum cell (10 mm in height, outer diameter 8 mm) in an argon atmosphere, and the biomass is heated by an infrared gold image furnace. The temperature can be measured by R-type thermocouple, which is positioned in contact to the bottom of the platinum cell. When the maximum temperature of 1073 K on the platinum cell is reached (ref . the left side  of Table 1 ), the applied voltage is interrupted, thereby stopping the heating, and then the sample is abruptly cooled. Since radiation can pass unimpeded through Ar, the entrainment gas remains relatively cool and quenches the chemical reactions among the primary products as they are expelled (18) . The residence time of the volatile matter (released gas and tar) at the infrared light-receptive region of the Pt cell wake was calculated from the carrier-gas flow rate and the quartz tube volume. The calculations revealed that the
residence time of the released gas and tar was 4 to 5 s under atmospheric pressure and 12 to 15 s under a pressurized condition of 10.8 ata. Incidentally, the flow rate and quartz tube volume were controlled (i.e., tube was exchanged) depending on whether the atmospheric pressure or pressurized conditions. During the pyrolysis experiment, tar was collected using Chiyoda Seiki's tar trap LFS25R with a Teflon membrane filter of 0.2 µm and a glass fiber filter ADVANTEC GC-90. The tar yield was calculated by the difference in the weight of the filters before and after the experiment (see chapter 3.1.1).
Gas analyses were performed using a TCD, Shimadzu GC8-APT, for low-molecular gases such as H 2 , CO, CH 4 , and CO 2 and by using a FID, Shimadzu GC-8APF, for gases such as C 2 H 4 , C 2 H 6 , and C 6 H 8 . The value of each gas yield was calculated from the volume and concentration of gas collected by a gas bag. 
Gasification experiment
The biomass chars using a gasification experiment were prepared by pyrolyzing biomasses at atmospheric pressure ( Table 3 ). The biomasses (Table 2 ) are fully devolatilized after 15 seconds at a final pyrolysis temperature of 973K (heated at 10 K/s). Argon gas was purged through the reactor to remove volatiles during the char-preparation experiments. Then the biomass char, which was sifted through screens (4.7-8.6 mesh), was collected and stored in a desiccator to prevent moisture absorption. The biomass char was then supplied to the gasification experiment using a pressurized thermobalance (see Fig. 1 ). Typically, the 
Heating rate 10 K/s
Pyrolysis temp. 973K
Pressure
atm
Holding time 15 sec
Atmospheric gas Ar biomass char was placed on a flat and porous platinum cell and gasified with CO 2 under atmospheric and elevated pressure conditions. We further selected the sifted-out char particles, which have the same diameters (ranging from 2 to 3 mm), for the gasification experiment. Therefore, the secondary char particles selected have approximately the same size. Selected chars of approximately 10-15 mg were used as samples in the gasification experiments. In order to obtain accurate gasification rates, a small number of the samples were dispersed as much as possible. After the biomass char samples were heated and the gas temperature became constant, the atmosphere gas was changed from argon to CO 2 and then the gasification experiments were started under isothermal conditions at 700, 800, 900, 1000, and 1100°C. The gasification rate was calculated from the weight-loss curve of a biomass char sample, and the dependence of the gasification rate on temperature was obtained using Arrhenius plots derived by carrying out the gasification experiments more than three times at a constant temperature. The experiments were not carried out continuously; they were carried out independently more than thrice (for example, the gasification experiment on wheat straw char was carried out more than thrice at constant temperatures of 700, 800, and 900 °C under isothermal conditions; see chapter 3.2.1). Table 3 Char-preparation experiment Figure 2 (a) shows the temperature-dependent profile of weight loss i.e., the TG curve. We can see that lignin is pyrolyzed in the wide temperature range 300-600 °C, while cellulose is abruptly pyrolyzed in the range 400-600 °C. The herbal biomass starts to pyrolize from low temperature. The pyrolysis temperatures of the herbal biomasses are lower than those of lignin, cellulose, and woody biomass, because the content of hemi-cellulose in the herbal biomass is two times higher than that in woody biomasses. For example, the content of hemi-cellulose in the rice straw is about 40 wt% (20) . The woody biomass representatively indicated in Fig.2 Figure 2 (b) shows the DTA curve, and the parentheses in Fig.2 (b) indicate the tar yield. From Fig.2 (b) , we can find out that the higher the falling gradient of weight loss, the higher the tar yield becomes; the lower the falling gradient of weight loss, the lower tar yield becomes. The tar produced by cellulose pyrolysis during the weight loss is 52.5 wt% (maximum), while that obtained from lignin pyrolysis during the weight loss is 12.4 wt% (minimum). Figure 3 shows temperature dependent profiles of evolved gases for rice husk. Each gas composition is formed at each of the temperature ranges (=100℃ ). Hereafter, the temperature-dependent profile of evolved gases are discussed. It is noted that the scales of vertical axis for Figs. 3(a), 3(b), and 3(c) indicate large difference. In general, the order of the amount of released volatile matter for biomass becomes: the yield of (1) CO, CO 2 , (2) CH 4 , H 2 , (3) C 2 -C 3 gases. At the initial stage of the evolution process, mainly carbon dioxide and carbon monoxide are evolved, while at the middle stage CH 4 and C 2 -C 3 gases are formed, while at the last stage mainly H 2 is released. It has been observed that CO 2 Vol. 4, No. 1, 2009 and CO are formed from the carboxyl group (-COOH) and weak O-bonds (21) , which is attributable to lignin. Since the carboxyl groups combined with biomass's structure are especially weak (22) , it can be inferred that the scission process of their group can progress primarily at an initial stage of the pyrolysis process. The order of evolution process of herbal and woody biomasses is almost same, i.e., the gases are evolved as (1) CO, CO 2 , (2) CH 4 , C 2 -C 3 , (3) H 2 . Figure 4 shows the effect of atomic ratio on the yield of volatile matter across a wide range of H/C (ref. Table 2 ). The yields are sorted as function of the atomic ratio. The total volatile matter (Y Total V.M. ) and total gas yield (Y Total gas ) are defined as follows:
Experimental results and discussion
Pyrolysis
Arrangement of volatile yields by atomic ratio
The gas yields are much higher than the tar yields with lower atomic ratio H/C. The yields of tar linearly increase with the increase in atomic ratio H/C. As the atomic ratio H/C increases, the ratio of tar yield to total volatile matter yield (i.e., Tar / Total V.M. in Fig. 4) increases. The devolatilization products (tar yield and total volatile yield) can be predicted precisely as function of the atomic ratio H/C. Fig. 4 Total volatile yield, total gas yield and tar yield Figure 5 shows results of FTIR (evaluated by SPECTRATECH, IRµs) for rice husk before and after pyrolysis. The chemical composition of raw biomass and its char have been characterized by Fourier transform infrared spectroscopy. After pyrolysis, the spectrum of the OH stretch (3000-3700cm -1 ) disappears. The small amount of C-O stretch based on lignin structure in pyrolized char remained at below 1100 cm -1 . It is reported that the tar based on hydroxide-component (OH) releases in pyrolysis process (23) . In addition, the scission process of glucoside bonding and the reaction with methoxy groups can progress in rice husk, resulting in releases of tar and hydrocarbon gases (22) .
Fig.5 FTIR results for rice husk
Here, we evaluate the lignin content in different types of biomasses by using the parameter R. This parameter is defined in Eq.(3). The absorption peak in the vicinity of 900 cm −1 can be attributed to the C-O bond (stretching vibrational spectra), while that in the vicinity of 1510 cm −1 can be ascribed to aromatic rings. More specifically, we define the component ratio as A 1510 /A 900 using the integral intensities of these two peaks.
The absorption peak A 900 can be observed for both lignin and cellulose. On the other hand, the absorption peak A 1510 can be observed only for lignin. This indicates that the higher the intensity ratio (A 1510 /A 900 ), the greater is the amount of lignin contained in the biomass. Figure 6 shows the intensity ratio for many types of biomasses. The order of the biomasses on the basis of the lignin content is lignin > rice husk > rice straw ≒ wheat straw (> (Fig.2) , i.e., a large amount of lignin in biomass delays the carbonization of the biomass; in other words, it is difficult to pyrolize the biomass.
Fig. 6 Evaluation of lignin contents
Figures 7(a), 7(b) and 7(c) show the dependence of the gas yields on the atomic ratio H/C (The value of H/C can be referred by Table 2 ). From Fig.7 (a) , the yield of CH 4 decreases almost linearly as the atomic ratio H/C increases. On the other hand, the C 2 -C 3 gas yields cannot be sorted by the atomic ratio H/C (Fig. 7(c) ). The yield of CH 4 is higher than those of any other hydrocarbon gases. The yields of C 2 H 6 , C 3 H 6 , and C 3 H 8 gases of herbal biomass are higher than those of cellulose and lignin (cf. C 2 H 4 yield: 0.0014, C 2 H 6 yield: 0.0025, C 3 H 6 +C 3 H 8 yield: 0.001 wt%/wt%-daf, lignin at 1.0 ata).
(a) H 2 and CH 4 gas yields (b) CO and CO 2 gas yields (c) C 2 -C 3 gas yields Fig. 7 Changes in the gas yields with atomic ratio. 1.0 a ta , , 1.0 a ta , , 1.0 a ta , , 1.0 a ta , , time The CO 2 yield of herbal biomasses increases with the atomic ratio O/C at atmospheric and higher pressures (Fig. 7(b) ). This is the main difference between herbal and woody biomasses. The CO 2 yield of woody biomass indicates the opposite tendency (23) . This difference is due to the higher hemicellulose-content in herbaceous biomasses and the molecular chain of hemicellulose (C-O etc.) easily changes into gases in the low-temperature region (22) . In summary, the yields of tar, total volatile matter, and CH 4 gas for herbal biomass can be predicted by considering the atomic ratio H/C of biomass. Although the yields of light hydrocarbon gases can be determined, the yields of heavy gases (C 2 -C 3 gases) cannot be obtained. It is consisted with the report for woody biomasses, i.e., for the yields of tar and total volatile (23) .
Effect of pressure on product yields
Pressure's effect on volatiles yield is summarized below. From Fig.4 , the yields of tar and total volatile decrease in all biomasses as pressure increases. The decreased yield of total volatiles from atmospheric pressure to elevated pressure is strongly attributable to the decreased yield of tar, because the distances between the diamond-shaped symbols ( , ) are approximately equal to those between the white and black squares. Pressure's ability to suppress tar yield tends to increase as the atomic ratio (H/C) increases.
As Figure 7 shows, as pressure increases the gas yields of CH 4 , C 2 H 6 , CO, and CO 2 all increase in many types of biomass, though the H 2 yield is the same in both conditions. It is considered that CH 4 , CO 2 , and C 2 H 6 are increased by the reaction of suppressed-tar in biomass-that is, the recombination reactions of the suppressed-tar (i.e., remaining metaplasts) are activated under elevated pressure conditions (18) , changing the yields of CH 4 , CO 2 , and C 2 H 6 .
Gasification 3.2.1 Effect of biomass type on gasification rate
In general, the gasification process in a furnace consists of two steps: (i) pyrolysis and (ii) char conversion. The latter is generally much slower than the former and is therefore the rate-determining step. Consequently, a clear understanding of char reactivity kinetics is a necessary requirement in the proper design of gasification reactors from a process efficiency point of view. Typical behaviors of the gasification of char are shown in Figs. 8 and 9 (The char preparation experiment was shown in Table 3 ). Figure 8 shows that the gasification of rice husk char was completed in approximately 500 s. Figure 9 shows that the non-dimensional gasification rate (dX/dt)/(dX/dt) 0 became a nearly straight line as same as that of a volume reaction model (dX/dt=K v (1-X), K v : gasification rate coefficient) (24) .The effect of biomass type on gasification rate K p is shown in Fig. 10 . K p is calculated by equation (4) of the random pore model stated below.
‥‥‥ (4)
In Fig. 10 , we compare the gasification rate of the herbal biomass char with those of other biomass chars, such as woody biomass, coal, and agents (see Table 2 ). For all these agents, biomasses, and coal, the heating rate in the pyrolysis process was equally set to 10K/s. Figure 10 shows that the gasification rate K p of herbal biomass char is 100 times greater than that of coal (Australian Clarence bituminous coal; C:84.74, H:4.80, O:8.40, N:1.7, S:0.37wt%daf ,VM:24.52, FC:60.97, Ash:14.51, Moist:1.47 wt%) and its reactivity is higher than that of woody biomass. In addition, the K p value of herbal biomass char lies between that of lignin agent and that of cellulose agent. With regard to the cellulose agent, more than 95 wt% of the volatile components evaporated, and the remaining 5% chars crystallized. Consequently, the gasification rate decreased. (Though a figure is not indicated, we confirm that the value of Ψ is all within 3.2.)
Roughly estimated, the gasification rate K p of herbal biomasses is approximately 2-5 times greater than that of woody biomass char, because the amorphousness of carbon structures (discussed in below) and the weakness of herbal texture bonding (comparing to woody biomasses) strongly affects the increase in gasification rate. Hereafter, we discuss the factors that govern the gasification rate that represents the char reactivity. Then the physical properties of biomass were evaluated by Raman spectroscopy using Ramanor U-1000, Jobin Ybon. Generally, biomass char exhibits two strong peaks at the D-and G-bands, as shown in Fig. 11 . The D-band is the Raman band at a shift of 1300-1400 cm −1 , whose relative intensity increases with the number of amorphous carbon structures. The G-band is the Raman band for a shift of 1550-1600 cm −1 , which is attributed to a stretching vibration mode of graphite C=C bonds. Generally, the intensity of the G-band (I G ) is sharpened as the degree of graphitization increases. The V-band, whose intensity is denoted by I V , lies at the valley with a shift of 1500 cm −1 between the D-and G-bands. The amorphousness of the carbonaceous structure can be evaluated by using the parameter I V /I G . The intensity of the parameter I V /I G increases with increase of degree of amorphousness, i.e., as the uniformity of carbonaceous structure decreases. (Fig. 12) , and an increase in I V /I G indicates that the char has amorphous nature (Fig. 13) . We confirm the tendency that the gasification rate increases with increase in I D /I G and I V /I G . These gasification rates are strongly affected by the amorphous nature of biomass char and by the characteristics of graphitized matter. Fig. 12 Intensity ratio of Raman spectra Fig.13 Intensity ratio of Raman spectra (graphitized characteristic of biomass char) (amorphous nature of biomass char)
Effect of pressure on gasification rate
Finally, we show the gasification rate K p under changing the gasification pressure in Fig. 14 .The gasification rate K p of biomass chars increase as gasification pressure increases. It reveals that the gasification rates of lignin char and wheat straw char at 10.8 ata are twice comparing to that at atmospheric pressure. In case of rice straw we could identify that the effect of gasification pressure on the value of K p is slightly suppressed, because the char of rice-straw is highly carbonized (found from Fig.12 ). Although Fig.14 is not indicated, we also confirm the K p of other biomasses also increases as gasification pressure increases.
Conclusion
This paper reports on the pyrolysis and CO 2 -gasification of various biomass materials in a pressurized thermobalance. In particular, the primary yields of total volatiles, tar and non-condensable gases, together with the gasification rate, are measured as a function of pressure from 1.0 atm and 10.8 ata. These results are expected to contribute to a better understanding of the pyrolysis process and gasification phenomena inside pressurized gasification furnaces and pressurized boilers.
Pyrolysis Products (1) Effect of biomass type
i) The yields of tar and total volatiles of herbal biomass can be predicted by the atomic ratio H/C. The yields of tar and total volatiles linearly increase with the increase in the atomic ratio H/C. The yield of CH 4 decreases linearly as the atomic ratio H/C increases. ii) We have presented a simple method that enables us to estimate the volatile yields (yields of tar and gas) using the ultimate analysis values, specifically the atomic ratios. This simple prediction method will provide potential practical guidelines for furnace design. (2) Effect of pressure i) The effects of pressure on product yield have been clarified. ii) As pressure increases, the tar yield decreases and CO 2 , CH 4 , and C 2 H 6 yields increase in all biomasses.
Gasification (1)Effect of biomass type i)
The reactivity of the biomass materials is much more reactive than a black coal char. The gasification rate of herbal and woody biomass chars is 100 times higher than that of coal. ii) The lower the uniformity and the closer to amorphous carbons the carbonaceous structure is, the more rapid is the gasification of the biomass char. (2) Effect of pressure i) The gasification rate of biomass char increases as pressure increases.
ii) The effect of pressure on gasification rate has been clarified.
